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Abst rac t

WC have performed some quantitative tcstsof  tile %ncarirlg”  mode] for tile radio
emission inspira]ga]axies.  111 this model, theinfrarcd  and radio emission aredominatcd
by the effects of the formatioll  and subsequent cvolutioli  of massive 01] stars; the radio
is produced by sync. hrotron  emission  from relativistic elrxtrous  accelerated during the
supernova phase, and which are I)artially collfincd by the magllctic  field of the galactic
disk. Subsequent diffusion of these?  electrons causes the radio image to appear as a
smeared version of the infrared  image. \?Te ]Iave tested tile moclel  for a set of nearby
galaxies (24 spirals and 1 irregular), using a data set consisting of radio images (20
cm wavelength) and infrared images (60 pm wavelmlgth) for which each radio/infrared
]mir had been processed to have t,he same s])atia]  rcso]ut,io]l  (]’). ]’rcvious  work has
suggested that the smearing functions have exponential form, Some of the goals of our
study were to examine this suggestion, a~ld to determine the characteristic length  scale
for the smearing. Two diflerent  approaches were used, namely: (a) parametrized fits to
exponential and Gaussian functions, and (b) dec.onvo]ution  of the infrared image from
the radio image, using a positivity  constraint to increase the accuracy of the estimated
kernel, Our conclusions arc as follows:

(]) q’he radio images call  be reproduced, to reaso,,able  accuracy, by smearil,g  the
infrared images with compact (O- 6 kpc) positive-va]ucd kernels, with residuals typically
10- 20(Z1 of the local radio i~ltellsity  over a range of almost 2 orders of magnitude in
radio illtensity.

(2) I*, most (but ,Iot all)  cases , an exponential] smearing function provides a better
fit than a Gaussian.

(3) For the inclined galaxies (i.e., those whose galactic planes are tilted by more than
45° with rcs]}ect  to tile sky ~Jlane),  the smearing fu~lc.tion is, in some cases, significantly
elougatcd  along the axis of tilt, while in other cases tllcrc is no significant elongation.
‘1’lle elongation tends  to occur when tl]e s)neari)ig scale cxcecds 1 kpc, suggesting that
ttle.  scale heights of the galactic clisks  are of ttlis order. Furthermore, the elongated
slncarillg  functions teljd tc) k bctt,cr fit by cxponentials  rather than  [Jaussians,  whereas
the c.onvcrsc  is true for the llc)ll-elongated  funct,iolls. ‘Jlis behavior is consistent with
diffusion and decay of cosmic-ray electrons when the c.onfinmnellt  scale is less than the
scale height of the galactic disks, alld escape of the clec.trons for tile larger  scales.

(4) I)cpartures  fro]n the siln])le  Gaussiarl or cx~)olicmtial  forms are due pri]lc.ipally
to elongations of the smearing kernels in directions other  than the major axis of the
galaxy, rather than to differwlces in the radial prc}fi]cs  of tile kernels.  ‘J’hey  are therefore
indicative of anisotropy,  probably due to local variations in the magnetic field geo~iletry,
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in the analysis. Since the infrared-tc)-radio ratio lnap in Paper 1 showed that the NW
colnponcmt  exhibited radial gradients while the S1{; c.on~pcnlcnt  dicl liot, tile al]alysccl  region
W21S c,onfincd to the hTw cc)m])oncnt.

3 Convolutional Relationship

According to the snlearing  nlodcl,  the true intensity distributiolis  ill raclio and infrarec]  are
re l a t ed  v ia  convo lu t ion  with a srncaril]g  kernel ~(r), where r is a 2-din~cnsiollal  angular
})ositioll  vector whose c.on~poncnts  arc tl)c  the right asccmsion and declination, and N(r)  is

IIornlalized  such that:

//()~r #r=] (1).
The observed radio and infrared images (denoted by }t(r) and 1(r), respective] y), rep-

resent convc)lutions  of the true distributions with the point spread functions (1’ S1”s)  of the
respect ive nleasurexncntl  systems, which were closely matched by n~cans of the processing
discussed ill ]’apcr  1. Since the convolution operator is conln~utativc,  R(r) aIld l(r) would
thcrcforc be related by the same convolutio]l  kerl)cl,  ~(r), as for the true distributions. in
the absence  of n~casurcment  noise and n]odel  error, we would thus have:

I/(r)  = Q-* // I(r’)/:(r  – r’)c12r’ (2)
.

wllcrc  Q reprcxcnts  the ratio of total flux clcllsities  ill infrared a]ld radio.

4 Parameterked  fitting I’rocedum

III t}lis  section  we will exanlinc  the assumption that the snlcarillg fu]lction  can be represented
adccluately  by either an cxpo])cmtial  or a Gaussian function , aucl will dctcrInillc  tl)c  set of
para]nctm-s  whicl] give the best fit to the data in each case.

4.1 Description of Technique
\~Te ~ril] asslllllc  that the fullctiolla]  forlll  of K can  ~)~ dcscrit)ed  by tll~ two  paramete rs  f and

s, the first bcillg  a discrctc-va]ucd  label  (rcprescntil)g  the fu]lctio~]  type) ,  and  the SCCOUC1
Lmillg  an appropriate] y defined scale length. ‘J’hc function types  which will bc considered
llcrc  arc:

f = 1: Gaussian, circular in plane of sky
t =-- 2: l;xpollcntia],  circular in plane of sky
.4 Z= 3: Gaussian circular in plane of galaxy
f =. 4: l~xponcntia]  circular ill plane of galaxy

Wc will define  s to bc the halfwidth of the function at the 1 /c. points.  bc the IIalfwidtll  of
the function at the 1/e points. in those cases for which the function  is assunled  to be circular
ill the plane of the galaxy, ~(r)  i~lvolves  tile additional ~)aramcters  z and 0, representing the
inclination  of the plane of the galaxy with rcs])cct  to the l)lal]c of the sky, and t}lc ])osition
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ar]glc of the axis of tilt, respectively. III order to reprcsmltl  the functional clcpcl)clenc.c  of K
Inorc  explicitly, wc will usc ~hc IIotatioll  K(l’, s; r).

in praciicc, l?(r) and 1(r) are samplecl  on a discrete, regularly spaced grid of pixels, such
that,  the j~” pixel has location rj. F’or brevity, wc will denote cluantitics such as li(rj ) by }/j.
‘1’lIc discrctizcd  version of (2) is then:

Wllerc
(tts)  c K(/?, s; l’j ‘-  rk)/fl

~jk
( 4 )

and Q is t}lc  solid angle subtended by the radio or infrarccl  inlage.
ltquatioll  (3) is, of course, idcalizccl.  I]i practice there will be both n~casuremellt  error a]ld

lnodc]  error. Wc will assume that,  model errors prcdonlinate,  aIld ado})t a simple statistical
Inoclc] ill which the standard dcwiatioIl  of the local rnodcl  error is a constant, pcrce~ltagy  of
the local radio intensity. After allowaI]ce  for such errors, (3) bcc.on~es:

where  ?~j is a din~cllsionless  quantity W11OSC WJUCS arc dist~i~ut~d  ac~o~diw  iO a ~~ro-rnea]l
Gaussian randonl  process, ~’he latter n~ay be regarded as spatially uncorrelatcd  providecl
the inlagcs  are sampled appropriatc]y  (at intervals corrcs])ollding  to the width of a resolution
clcIIIcnt  or greater), and hence tl]c  covariancw  can bc cxpressccl  as:

(6)

where cr,j is the sta]ldard
is tl]c Krollccker delta,

‘J’akillg  the logarithn~

deviation of thc ??j va]ucs, 1/ is the cx~)cctatioll  operator, and 6,jj~

of }~quation  (5), wc lIave:

III }tj c 1]] ~j(~, .~) -111 Q + 111(1 + ?ij) (7)

wllcrc  jj (1,s) represents the jth salnplc  of the coIIvolvcd  infrared in~age, i.e.

~j(~, S )  ~ ~ ~fi’)]k (8)
k

Since 111 (1 + ?~j) N ?jj fO1’ SIlldl  7jj,  we call rcwitc (7’) as:

11”1 I/j ‘= 111 ~j(l, S) ‘ 11”1 Q + 7~j (9)

011 the basis of (9), nlaxinmrn-likc]  illoocl cstinlatcs  of /, s, al]cl Q (clc~}oted  by ~, ;, and
~, rcs~mc.tivc]y) can bc obtained from the obscrvecl  radio al]d infrarecl  ilnages by Inillimizing
tllc suIn of squares of residuals, ~~(-t,  s, Q), .gival by:

#( f,s, Q) ‘- ~[111 ~tj  - 111 Ij(/, S) + 111 Q]2 (lo)
j
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‘J’hc variances in the estimated values of s and Q are given by the diagonal elen~ents  of
~-], whcvw -y is a n~atrix  whose elements represent the seconcl  clerivatives  of {~(f, s, Q)/(20~)

with respccl to s and Q (Kc]ldall  &t Stuart,  1979). Since CJv is ]Iot k]lown  a priori, vw estinlatc
it fronl  the residuals of the fit, i.e.

(11)

where  N is the nunlber  of spatial sam])les.
Since  t is a discrete-valued quantity, its uncertainty is characterimd  by tllc relative prob-

abilities  of the possible values. ‘1’wo probabilities of inierest  arc ILxl,, which represents the
probability that the optima] convo]vil)g  functio]]  is a]] exponential rather than a Gaussiat],
and I~~Y, the probability  that the optiInal  ful~ction  is cir~Lllar  in IJIC plal~c  of th~ SkY IathCI
than

1.

‘)U.

3.

t}lc!n

in the plane of the galactic disk. If wc assume:

The only possible function  iypcs are the four listccl above.

Each func.tioIl is equally likely a priori.

‘J’hc cl~oicc  between the Gaussian and exponential fornls  is conlpletely  independent of
the choice between the sky-pla~]c  and clisk-plane  fornis, a priori.

the two  probabilities arc given by:

I’CXI,  = --- ---— J----— “-

[(1 + C!x]) j’ ~a-ua~-~~”—. —.. dlmin )1

I’.@ :- –-- —---- ---–
1

1 + Cxp [--; (~yQ+ )]

(12)

(13)

w]]crc  ~~llli,l  represents the minlnlun~  value of ~~(t, S, Q) Over all valu~s of ~~ and d~exp? d’gauss>

$&’> Ad r’wr~sent’  th~ l~~i]~im~lll”~  val~les O\,eI the rcstrict,~d  domains / c {2, 4}, ~ c {1, 3},

1 E {1, 2}, and 1 c {3,4}, respectively. ‘J’wo other probabilities related to those above are:

~~a,,s, == ] - ~L,P and }jaI = ] - }~k~.
‘J’he physical usefulness of the estinlated  parameters depends on how well the Inodel

rcl)rcsents  the data. Onc measure of this is the residual nlap, where the jth residual caIl Ix
cxl)resscd  as:

I’j = 111 [Q-’ ~j(i, i)] – 11) J/j (14)

~ Q-]~(L3) ~— -.———.—. ..—-—
J{j ‘- (15)

l’rom  }tquation  (15), the ability of tllc model to reproduce the radio clata from the
i]] frared can bc judged by comparing the residuals directly with the observed ratio maps
(tl]e  i]] frared-to-radio  intensity ratio as a fu]]ction  of position) as presc]lt,ed  ill Paper J.

An overall figure-of-merit for tl]c  fits is the lLh!l S residual, give])  by:

IW4S = [(#@, S, @/A7]j (16)

Since from (1 5), each residual rcprcsent,s  the fractiol)al  error bctwecm observed and nlod-
clcd  radio intensity, the RhlS  value from (16) may also be rcgardec]  as a fractio~lal  error.
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4.2 R e s u l t s

‘J’lIc results  of the analysis, as applied to all of tllc data, are prcxentcd  in ‘l’able 1. A ‘G’ or ‘It’
i]] column 1 denotes that the best-fitting ful)ction  was a Gaussian or exponential, respectively.
A subscri~)t,  ‘s’ or ‘g’ means  that the best-fitting fu]}c.tio~l was circular ill the plal]c  of t,l)e sky
or the galaxy, rcspcctivcly.  Where no subscript is present, it means that the galaxy is close
to being in the plane of the sky. A ‘d’ in column 1 signifies that the best-fit,ting function was
a clclta function, i.e., smoothi T]g with cxponmltial  or Gaussian fu~lctions  of significant width
clid I]ot improve the correspondence bctwwm the radio and infra,rcd  images.

‘1’hc smearing scale listed in ‘J’able 1 rcprcscnts the half-width at the 1/c points, along
the lnajor  axis of the optimal smcarillg  function, g’wo va]ucs  of Q are l is ted,  llamcly  Qfi,
(estimated using the least-sc~uares proccdurc)  and Q~lObal  (cstilnated  from the integrated flux
clmlsity in tllc radio and infrared images). Also listed in ‘1’able 1 arc l~XP and l~~v, as dcfinecl
above.

A comparison of the estimated smearing scales  with the results of 131190 rcweals  that the
l)rcse])t  values  are systematically smaller than tllosc  of 131190,  typically by a factor of 2. There
arc exceptions to this- ill some cases, (c.,g. N(; C 4254 and NGC 51 94) there is agreement
within  the error bars of ‘l’able 1, while in others (e.g. NGC 55) tl)crc is strong disagrcwmcnt,
with the present value  being an order of magl]itude less than that of BI190. The discrepancies
can probably bc attributed to the superior spatial resolution of the present data, and/or  the
fact tl]at Llle 111190 analysis lnay have been  susceptible to Ilumerical instabilities resulting
from the simultaneous solution for s]ncaring  scale and galaxy size.

III order to investigate possib]c  diflcrcllccx  in the behavior of the estimated quantities as
a fullctiol]  of ]Josition  ill the galaxy, tllc above analysis was rcl)catecl  for the illller  allcl  outer
rcgio~ls of each galaxy. INo significant difference was foul]d Mwcell  the estimated slnearing
scales for the two regions.

I’inal]y,  residual maps were produced; a representative set is shown in the column labcdled
‘a’ ill I’igurcs  1-4, alongside  a radio image of each  g a l a x y . ‘1’he fact that these residual
maps show much less structure than tl)c  corresponding ratio maps of l]a.pcr  1 is clualitativc
cviclellcc i]] support of the smearing mc)dc]. Quantitatively, howcnwr, the residuals are much
higher  than the randoln  I]oise associated with tl]c  radio and infrared ma,l)s;  the noise is
clolnil]atec]  by cmors  ill the resolution-procxxscd  radio maps, which have a dynamic, range
of approxi]nately  70:1. The randoln  IIoisc  iu tllesc  images ra]lgcx from approximately 1.470
i]] tllc c.entra] region of tl)c  galaxy to about,  33% at the cxlgcs  of the regions plotted ill  the
residual maps. Since the 1{.h4S values  of the residual maps arc typically N 25!.%,  it is c.lcar
that  the assumed model is inadequate in some way, l’or example, the assumed functional
forms for the smearing ful]ctiol]  (cxponcmtial  and Gaussian) may not bc tllc correct ones,
al]d/or  other physical processes, besides the propagation of relativistic electrons, may be
iln~)ortallt  for cletermining  the radio intensity distribution, in order to assess this possibility,
we ]Iavc clircctly  estimated the form of the smearing function using deconvolutio]l,  and the
rcsu]t,s arc clcxcribcd  in Section 5.

Figure 5 shows a plot, of smearing scale versus galaxy size, the latter being dcfincc]  as
the e-folding scale,  ~di~k, of the best-fit of the infrared data to an exponential clisk, va]ucx of
wl)ich have hccn  taken from l’apcr 1. F’rom the figure, there appears to be an upper cnvelopc
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SLIC]I t]]at the c-folding scalcof  the sl~lcarilIgfL1l]ctioll is ]inlitcd by thee-foldillg sc.a]c of the
galactic  disk,  }“or.!?di.k <4 kpc., thcsc.a]cof  tllesr~lcalillgf  ~lllc.tioll istypicall  yhalfthcscalc
of the disk.

01] thcqucstion  of the best form oftllccollvolvil)  gfLlllctiol]:
(1) ‘1’able 1 shows that an expo~,m,tial  is l,rcfcrrcd  in 72% of the cases.
(2) ‘l’able 1 also shows that in some cases, the best-fit function is circular in the plane

of the sky, while in others it is circular in the plane of the galactic. disk, i.e. is clollgated
like the appearance of the galaxy as projected onto ths pla]lc  of the sky. If we confine our
attcnticm  to the more significant cases  (}) > ().7, where )) is the ]argcr of ~~ky or ~~al), thcll
al] interesting trend cmcrgcs whelk  the rcxults are comparwd  with the cx~~ollclltial/Gaussi:ill
prcfcrcl]cc, as shown il) Table 2. It is appareni  that the prcfcrcncc  for a function which is
circular il] the sky-plane is correlated with a preference for a Gaussian  smearing fullctioll,
al)d tllc preference for a fullctio]l  wl]ich is circular ill the disk-plalic  is correlated with a
prwfcrcncc  for an exponential smearing full cticm.

(3) II] all but 1 of the cases for which  the s]nearing  function is circular in the plane of
the sky, the srncaring  scale is < 1 kpc. Conversely, in all but 2 of the cases for which the
slncaril]g function is elongated along  with the galaxy, the slncaril]g  scale  is > 1 kpc. At first
glallc.c,  this might seem like a resolution efrcct, wl]crcby  the slnearing  kcrllcls  of the lnclst
distant galaxies arc spatially unresolved and therefore circular ill the plane of the sky. If this
were the case, however, the dclillcatiorl  bctwccn  elongated and non-elongated galaxies would

occur at a fixed angular scale  rather than linear  scale (a significant, distinction in view  of
the fact that the subset of inclined galaxies spans an order of magnitude  in distance, whose
ra]lgc  is 2.9- 25.7 Mpc [1)1190]). Furthermore tllc two  galaxies wit]]  the strongest l)refcrcnccs
for a funciion  which is circular ill the sky plane  (NGC 55 slid  NGC 1569) also happcm  to
be the two  closest galaxies in the subset (3,2 and 2.9 hI])c, respectively). At sLIch distances,
clollga.tion  on scales  N 1 kpc would l)avc been  easily  detectable if  present .  ‘J’his  a r g u e s
strongly for a ))oI1-illstrulllclltal  origin for the effect.

5 Deconvolution Procedure

W C ]IOW describe our dcconvolution  procedure., dcsig~lccl  to estimate tljc true for]n  of the
slncarillg  ful]ctioll,  free from constraint,  s ilnposcd  by prcc.ol]c.civcc]  fmlctional  forlns.

5.1 Description of Technique

l{carrallging  (2), we have:

It(r)  == Q-] // l(r -- r’) ~(r’)d2r’
.

(17)

Since this is a convolutional rclatim),  tl]c  fullctioll  ~(r)  call,  in ~millciplc,  bc csti]nated  by
dcconvolving  the observed infrared image from the corresponding radio image. Since  decon-
vo]utio]l  is a I]oise-\~Lllllcra.b]e  process, however, it must bc carried out within the framework
of an estimation procedure which takes full accou]]t  of stochastic effects, which  include both
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lncasurcmel]t  noise and model errors. Rewrit ing (17) in terms of quantities  defillcd  m] a
discrete grid  of pixels, alld making allowance for Inodc]  cm-or, ?jj, and measurement noise,
1(;, wc obtain:, .,

Rj~Q-](l  +-?]j)~l(rj--rk)~k+~fj (18)
k

W]ICHT  Kk rcprcscnts t h e  v a l u e  o f  t h e  s m e a r i n g  kcrnc]  at ]ocatiol]  rk, defi]lml such  that,
~~ K~ = 1. If wc rcprcscmt  the model error a~ld lncasurmncnt  noise  by ullcorrelat,ed Gaussian
random processes which are statistically il]dcpel]deni  of each  other, thmi  the lnodcl  error and
measurement noise  terms on the IUIS  of (1 8) can Ix lumped into a sillglc  nonstationary noise
tcmn whose local variance is givcnl  to a sufficiently good approximation by:

(19)

where  u; rcprcscnts the variallce of mcasurmncnt  ]Ioisc.
All important physical constraint on the estimated form of ~(r) is that it bc IIol)ncgativc

cwcrywhcrc,  The proper inc.or~)oration  of this prior information can greatly illcrease the per-
form anc.c of a dcconvolution  algorithm. An algorithm which accomplishes this in an optimal
way is the so-called “(~aussian  with positivity”  ((;1’)  algo~-ithm  described by Richardson &
Marsh (1 983),  and applied to astronomical image dcconvolutio])  by Marsh et al. (1 995).
Wl]cn  applied to the solution of (18) above, the a]gorith]n  assumes an a priori statistical
model for the ~j in which the probability density is tl]at of a Gaussian ranclom  process of
\,aria,llc,c OK ~~llcll ~j > (), alld  is ~ero w~lel-l  ~j ~ (). 011 th i s  bas i s ,  t he  t echn ique  yields t he

n]ost  probable set of ~j collditioned  on tllc ohservcd radio and infrared images.

in implementing the GP algorithm, o ~, was set at, I /70-tll  of the peak value of the radio
ilnagc, c.ollsistcmt,  with the estimated dynamic.  range, and the local model error was taken
as 1070, i.e. ~n = 0.1. ‘l’he final results are not sensitive to the latter value; in essence, the
ratio o,,/a,, co,,trols  the relative weighting give,,  to tl,e in,,er (high i],tcmsity)  a,,d outer (low
illtcnsity)  parts of each galaxy. ‘l’he quantity UK was assigllcd  a nomimal  value corresponding
to 1 /}J (where 11 is the area of a rcsolutio~] clcmcnt in pixels), slid adjusted to produce a
rcduccc] cl]i scluarcd  value of unity,  i])dica.ting  col)sistency  between the estimated s~nearing
kernel and the data. ~’he input data for tllc dccollvolutiolis  were selcctcd ill tllc same: way as
fcn the parametrized estimation i?l Sectiou  4, i .c., ltj values which  occurred at the positions
of confusing sources were climillaied.

]n order to assess the spatial resolution of each estimated smearing kernel, each  of the
radio ilnagcx  was deconvolved  from itself. It was fou]ld  that the central peaks of the resulting
images had dimensions (defined by the F’W}IM along minor and major axes) typically of
2 x 3 ~)ixcls, and hence tl)e  deconvolvcd  smearing kcrllcls  have a resolution of this order.  By
colnparison,  images dcconvolvcd  using tl]e  standard Wicmer  filter approach (which does not
cII]ploy a ])ositivity  constraint) were found to ]lave a rcsolutiol)  which  w’as about  50(’%0 poorer,
m]d were also dcgradccl  by the prcscnc.e  of IJcgativc  lobes due to ~lcll]ll)oltz-tyl~c  ril]ging.

5.2 R e s u l t s

‘1’l]c results of the deconvolutioli,  for 16 of t,hc 25 galaxies, are prescmted  in the co lumns
labcllcd ‘b’ al)d ‘c’ ill Figures  1-4. 1]] cac.h case,  tl)c  residual map is SIIOWI] ill ‘b’, and the

9



estimated kernel is shown at the center of the corrcspo~ldi]]g  image in ‘c’. Also shown for
comparison, on either side of the estimated kcm]el, are the best-fit cnq)oncmtial a~]d Ga.ussia.11
functions (on the left and right, respcztivcly) from the analy  is of Section 4. onc-dilncllsiona]
profi]cs  of the deconvolvccl  kernels are shown ill l~igurc 6, to $her with the best-fit cxpollcntial
ancl Gaussian functions (shown dotted  ancl dashed, respectively). ltach ~)rofile  rc~)rescnts  a
slice along the major axis of the galaxy, dcfi])cd as the tilt axis for the inclined galaxies and
tllc N-S direction for tllc remainder.

‘J’llc  galaxies excluded from l’igurcx  1-4 ancl l’igure 6 were:
(a) NGC 628- a low surface-brightncxs  galaxy whose infrared and radio morphologies

arc qualitatively inconsistent  with tile smearing  model. OI)C clkara.ctcristic  is the lack of an
identifiable radio nucleus.

(b) NGC 3031- this galaxy gave  a poor c~uality dcconvolutio]~ , with large residuals. Ex-
alnination  of t}le  residual map showccl  much systematic s tructure wl]icll COUIC1 not be ;ic-
countcd  for by the smearing Inoclel. ‘1’hc behavior may be related to tllc presence of a
Scyfmt nuc]cus.

(c) NGC 5 5 ,  891, 1097, 1569, 4631, 5907- t})esc  galaxies gave clean solutions, w;th
residuals similar to those of the galaxies in l“igurm  1-4. IIowevcr, the est imated kcm]els
were o]]ly marginally resolved, all d I]cnce  the sim scales  of these  kernels  were clominatecl
by instrumental resolution effects. Note that  this was not a problcln  for the parametrized
estimation process of Section 4, partly bccausc  the assu]ncd  functional forlns constituted
m u c h  strollger  prior informatioli  t}ial] the positivity  constraint  usecl in the decollvolution,
thus enabling  greater spatial resolution, and partly  because  the uncertail}ties  resulting from
finite instrumental resolution were fully s~mc.ificd by the calculated error bars.

(d) IC 10- an irregular. Althoug]l  the S11 co]nponcmt  is mor})hologically  inconsistent with
the smcaril]g model, t]lc  NW component fits tl)c  model well,  and the results arc illcludcd  ill
the discussion which follows.

‘1’l]c dimcl)sions  of the estimated kernels (half width at tllc  1/c points along the galaxy’s
]najor axis) are presented in l’able 3, which inc]ucles the irregular galaxy, IC 10. ‘1’hcse
results may be directly compared with tl]c  slncarillg  scales estimated from the parametrized
prc)ccdure  of Section 4. Such a comparison is presented in Figure  7, which shows consistency
bctwczn tllc two sets of estimates.

AISCJ i~]cludcd in Table 3 arc the RhlS  residuals after allowallc.c for mcasurmnent  noise;
specifically, these values represent a postcriori  mti]nates  of t}lc frac.tiollal  model error, cr~l,
obtainccl  from the residuals bctwccn the radio image al)d the smcarcxl  illfrarcd  image,  after
removing the estimated contribution of the constant term, al, in (19). For comparison, the
c.orrcspondi]]g  RhlS residuals for tl]e  para.mctrizcd  fits are listed alongside.

It is apparent that in many cases, tl]c  exl~ol)ej~tial/Gaussia.11  forms have providecl  just
as good fits as the dcconvolved  kmmcls. 1]] other cases, however, the residuals after decoll-
volut,ion arc substant ial ly  less  tha?l those  obtained froln  tile paramclrizcd  fits. ‘1’he th ree
best examples are NGC 3621, N(; C 4303, al)cl N(; C 5236, for which the difference is at least
0,1. IIxamination  of the kernel shapes (SCC F’igurcx 2 and 4) shows a substantial amount of
cxtcvldcd  structure. ]+’urthermore,  tl)crc is significant elongation c)f the kernels  ili all threw
cases, despite  the fzzct that,  two of the tllrec galaxies (NGC 4303 ancl NTGC 5236) arc vimmd
]Jcarly f~cc-on  (i = 24° il] Lotl} c,ascs- 111190), ‘1’hc:rc arc otllcr c.ascs  ill wllicll lo~v-illclillatioll
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galaxies have significantly elongated smearing kcmlcls. F’or cxamp]e,  NGC 3344 (i = 20°) al~d
N(JC 4254 (i == 270). ‘1’hc results suggest that anisotropy  in the disk plane is all importani
fzzctor ill the clifi’usion process.

1]] order to look for evidence of’ radial  al]isotropy,  (i.e., that the smearing has a preferred

clircxiion  with respect to the galactic. center), tllc dcconvolution  analysis was repcatecl using
subsets of the data, selected on tl]c  basis of azimutlla]  loc.atioll.  S~mciflcally,  the radio image
for each galaxy was divided into 4 quadrants centered on the position of the ccnltral  peak,
and delineated by the hT-S and l~~W axes in the sky. ‘1’he smearing function was then esti-
]natcd separately for each quadrant and compared with the refcrcnlce  fullctio]l  (oLtail]ed by

dcconvcdving  the radio image from itself) in orclcr to assess whct}}er any quaclrallt-clepel]de~~t
diflcrcu]ccs were  sigllificallt.  No cwiclcmcc  for ally radial allisotropy  was found at a resolution
of 1’.

~~~c }la,I,e also ill,,estigat,cd  the clucstioll of ~i~hcth~r  smearing functions other than cxl)o-

IIcntials  or Gaussians  would proviclc  lxtter  fits to t})e clata. Guided by the ap}maranc.e  o f

the profiles in Figure 6, wc have tried tria]lgular  functions and truncated cxpolJcntials  and
Gaussialls.  ITI no case was the fit improvccl. ‘1’hc only  functiol]  which produced a systcm~atic
improvement in the fits was onc’of  the form K(T) = cxp[-  (r/rO)  ~], which gives broader wings
than either an exponential or a (;aussia]l. q’hc ilnprovclimnt,  howcwer,  was OI1lY modest (a
clccrease  in the Rh!lS residual of ty})ically  N 0.01).

6 Discussion
\~)c }lakrc fc)llrld  that  t}lc  ~a(]io  illlag~s  call be rcplodllc,cd,  to rcasonab]c  a c c u r a c y ,  by snlcmr-

ing  the illfrared  imagcn  with relat ively colnpac.t,  })ositive-valuec] kcmlcls.  ‘1’hc rcsiclua]s  are
typically 10-20% of the local illtellsity,  over  a ral]ge  of almost 2 orders of magnitude in ra-
dio intcmsity.  Furthermore, the simple, single-~maked  lnorpho]ogy  of t})e cxtimatec]  smearing
kcrnc]s  is consistent with a process clominated b-y clifi’usion,

6.1 Comparison to Models

‘J’hc median smearing length  for the galaxies stuc]icd  is al>out  1.05 kpc. h40rc tllall  a third of
the sample .galaxics (9 objects) have a slncaring  scale lcI@h bctwccn 0.6 and 1.2 kpc. This
interval maps roughly to a range of 1 to 10 cm-s in mean inicrstellar  dmlsities,  using l’igure
2 ill 11}193, which assumes ho = 100 pc, l) cx n112,  and ~nlrlj  u 1 PC (—,C~,_, )-’/3  for 10 GcV
electrons. For these  assumptions, the range  of scale lengths observed marks t}le  transition
f rom c.cmmic  ray electron (CRlt) losses  Leing  clominatec]  by cscapc to Lcing  clomillatcd  by
syl]chrc)tron  decay, lJndcr the same assumptions, the smallest oLscrvcd  smearing lengths at,“.
ICSS  thal]  0.5 kpc imply yet higllcr  mean interstellar dcllsitim  i]} the galaxy.

‘J’here is however an interesting trcncl  rclatecl  to tllc size of the smearing scale, namely
that shorter smearing scales tend to bc associated with Caussian-shaped kcuwcls,  whereas
cx~)ollclltial-sllapcd  kernels tmld  tc) have the greater scale lm]gths.  lndcwd,  except  for NTGC
7331, all Gaussian smearing kcrllcds have scale lengths smaller than 1.2 kpc,  and three out, of
tllc six }Iave a scale ~ 0.5 kpc. l]] acldition,  as pointed out in $4.2, ~;atlssiall-slla~)cd  kernels
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prcfm 3-clilncnsional  i so t ropy  as opposcxl to the exl)ollclltial-sllal)cd  kcrnc]s that,  tend to bc
flattened like the disk of t}lc galaxy.

‘1’hus smearing kcrnc]s  arc obsmvcd to bccomc elongated in the galaxy clisk and cxponentially-
slla})cd only once their scales CXC.CMI  about,  1 kpc, suggesting that  this scale is typical of the
scale  llcigllts  of disks. II]dccd,  one  would cx}mct clouds of CIUt to remain roughly spheric.al
very early in t,llcir cvolutioll, or if tile lnagnetic  field strcl)gth  is so high as to lnake decay
the dolnillant  loss mechanism. As tl)e  Cl{}; diffuse lnore  than about one kpc, their clistrilm-
tioll s}lould  flatten, reflecting the fillite  thickness of the galactic disk, and they should start
esca~)illg  ratl)er than decaying, thereby acquiring all cxponcntia]  radial profile as argued by
111193.

If disk scale heights are i]ldecd  closer to 1 kpc than 100 pc, then wc must rc-examine
tllc val idi ty of  our  del]sity  cstilnate basccl  on l~igurc 2 of 111193.  Ilowever,  since  tllc scale
IIcigllt,  }Lo, used in that,  Figure describes the dust associated with intcrstcl]ar  gas rather than
tllc radio disk thick]]css  which wc infer here, tllc dc])sity  estimates remain valid, subjcc,t  to
(I)c caveats cxprcsscd  in 11 B93. q’he larger  scale hcight,s  do however affect the parameters
of tl]c  simp]c confinement model  sketched out ill ~5 of 111)93,  III this mc)dcl,  the product
}~~ ] x c~~~ was required to bc constant, with the cscapc probability of a cosmic ray at each
vis i t  to t}le  disk boundary  c ~sC S 10-3 for  }Lo =- 100 pt. .  If /Lo were  increased to 1 kpc. tl]c
csc,ape l)robability  would  also have to be illcreascd to rougll]y  (). ] , probab]  y a more reasonab]c
confhlement  efhciency  given tl)e  weak  allcl  fragmented mz+pietic  field one would  expect }Iigh
above a galactic disk,

6.2 Variation in convolution kernel

‘J’l)c fact that sigllificallt  residuals remain cvcul after the use of tl)c  optilna]  smearing function
(cstimatccl by cleconvolution)  il]dicates that the relat ion bctwccll the infrared alld  r ad io
col]tilluum  images of a galaxy is more complex than could bc clcscribed  by a silnp]c smearing
lnodc].  ‘1’his  com])lcxity  could  arise ill several ways, tl]e  silnp]cst  of which is that wllil.e the
radio continuum  is a smeared version of the infrared, the smearing kernel varies its size,
slla~m, or both as a function of locatiol]  witllill  the galaxy.

‘1’l]e quadrant analysis ill $5,2 rules out, one lilnitcd  case of shape variation, nalnc]y  that
tllc kcr))cl lnight  bc elol)gatcd  i)l a direc.tioll  lillked  to tl)c raclial d i r ec t ion  in  the  ga laxy ,
Suc}l all allisotropy  is pllysical]y  plausib]c  given  the strong  radial dcmsity  gradients ill galaxy
clisks,  yet it is not, observed, ‘J’hc same dc~lsity gradient. suggests as equally plausible a radial
gradimlt  in the size of the smeari~lg  kerllcl.  ‘J’his too is ruled out however by the results of the
conl~)arisoll of inl]cr  with outer disk rcgio]ls  in $4.2. Apart,  from systematic variations, the
scale leI@h of the smcari]lg kcrnc]  is also sensitive  to the age of the cloud of CIW; responsible
f o r  tllc syllchrotron  emissioll,  all c1 to tllc local lnagllctic  field strength  and geometry, all of
which  arc kllc)wn  to wiry  i]] galact ic  disks. ‘1’llis  random variation may well bc the main
contributor to the residual discrcpallcics  betwecll  the radio ilnage and the smeared infrared
illlage,  and may in addition obsc.urc  any systematic trends across the disk.

Al)otllcr possibility is tl]at ‘(smearing’) as dcscribcd  by convolution is an iIlconlp]ete  de-
scri])tioll  of the relation  bciwccn the two images, implying p}~ysica]  processes at work beside
those cc)l)sidered in the 1111 model. Wc now discuss this possibility.
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6.3 Other smearing processes

If- as assumed by }Ikl-spreacling,  decay and csca~w arc t}le  domi]lant  processes for  radio
cnnitting  CIU’J, and the cosmic ray sources am c.oillcidcnt  with massive stars, thcll col)volution
is all appropriate transformation from the infrared to the radio contil]uum  images of a galaxy.
‘l’hat transformation however may not bc adcc~uatc  if significant c.o]ltributions  arc made by
ot,hcr proccsscs , such as rcaccelcratioll  of CRR far froln  their original sources. ‘J’l)c  results
of ]’apcr  1, cspccia]ly  that  Q peaks  only at the intensity peaks, argue that rcacc.clcwation
cannot bc a dominant process, but, do not rule  i t  out  clltircly.  If rcaccclcratiol]  i s  duc
to cliflusc  shocks ill the intcrstcdlar  mcclium, then the rclatiol]  between infrarcxl  a.lld  radio
might, still  bc amenable to description by a convolution, albeit with a flat-topped or at most,
c.cntrally  depressed kernel. Wc therefore cone.]uclc that if rc.acc.clcratioll  is the c.ausc of the
residuals u?]dcr discussion, it is more likely to lx linked tc) localized features such as spiral
density waves or supernova shocks, as this would lcacl  to more v~riation ill the radio emission
profiles around cosmic ray sources.

Another possibility is that a significant fraction  of CRFJ cscapc through breaches in the
clisk associated with supcrbubbles  or other acciclcnts,  rather than in a distributed, steacly-
state mode. “l’he convolution dcscri~)tion  would bc rclldcred  inadec~uate  by “sudden” partial

escapes at random locations.

‘l’his research has been supported througl]  tl)c  IRAS ltxtended  Missio]l Progra]n by tllc tlet
l’repulsion laboratory, California lnstitutc  of ‘1’cc.hno]ogy, under contract wit]! t}lc National
Aeronautics and Space Administration.
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Table I: I’ara]]lctcr-csti]  ]~atioI) rcsu]ts

‘“(~alaxy JkXt RhflS
fu)lc. rmid.

IC 10
j~”

NGC55 E,
NGC253 G~
N(;C 628 ];

NGC 891 I’:g
NGC 1 0 9 7  }1~
NGC 1 5 6 9  G,
N(; C 2403 Gs
NGC 2 9 0 3  G,
NGC 3 0 3 1  E,
NGC 3 3 4 4  E
N Gc 3556 Itg
N(; (; 3621 }t~
N(; C 4254 It
NGC 4 3 0 3  l;
NGC 4 4 9 0  Eg
NGC 4 5 6 5  l;~
N(; C 4631 I&
NGC 5 0 5 5  E,
NGC 5194  }t
NGC 5 2 3 6  It
N(;C 5 9 0 7  J
NGC 6946 11
N(; C 7331  G~
NGC 7 7 9 3  };,

0.245
0.322
0.471
0.425
0.139
0.120
0.117
0.259
0.133
0.[i33
0.210
0.242
0.347
0.308
0.411
0.183
0,256
0.317
0.272
0.236
0.272
0.184
0.294

0.198
0.413

0.713.0.41
4.473.0.68
0.474 0.39

192
173
220
94
117
II(i
259
141
134
128
113
133
82

147
62
92
73

127
86

114
158
97
9’2

213 —-

[kpc]
0.15 i 0.08 368 3 4 5  4“ 30 0.646
0.234-0.12
0.32 + 0.95
4.24 + 6.21
1.053.0.48
1.02+0.16
0.203 0.04
0.504 0.21
1.20*0,15
0.743.1.36
1.104.0.39
2.39 i 0.70
2.013 0.88
2.24 + 0.81
4.97 + 3.28
1.04 + 0,27
0.86 + 3.14
0.99 + 0.40
0.673.0.28
1,95 +- 0.87
0.724.0.41

1903.22
1453.24
2045-31
89+ 4
127+5
112+6

239 + 22
134+8

153 4“ 34
121 *9
1023:9
1334.16
802-9

1443  21
5634
873:8
61 3“ 7

111~11
89+7

118+11
1644:7
884.9
884-7

210 4“ 31

0.649 0.983
0.468 0.459
0.660
0.542 0 . 3 5 5
0.569 0 . 2 5 3
0.456 0.957
0.485 0.740
0.465 0.858
0.907 0.563
0.725
0.7Ci0 0 . 0 0 0
0 . 7 3 5  0.119
0.770
0.5s7
0.763 0.001
0.500 0.498
0.471 0.732
0.590 0.757
0.886
0.797

0.895
0.355 0.000
0.634 0.679
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‘l’able 2: ComparisoIl  between forms of the best-fit slncarillg function

‘ -Ci rcu la r  in sky plane
(I~,y > 0.7)

Galaxy l~c!st
fullc.

NC;(I WI 1;
N(;C 1569 c
N(;C 2403 G
N(1C 2903 G
N(;C 4631 G
NGC 5055 ._ .!; ---- .

Circular in disk plallc
(l~a,  > 0.7)

Galaxy IIcst
ful”l c.

N(; C 1097 It
N(IC 3556 E
NGC 3621 It
NGC 4490 1’;
N(;C 7331 c
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‘1’aLlc3:  l)cconvolution  results

- Galaxy Smearing scale ~hfl~~~.si.du~l. ~)lodc~crlor  –

lkvcl lk!c.onvolvc!d: F’ittcxl:-—... —— ——.  -—_. _
lC 10
NCC 253
NGC 2403
NGC 2903
~~~ 3344

N(IC 3556
NGC 3621
N(;C 4254
NGC 4303
N(;C 4490
NGC 4565
NCC 5055
NGC 5194
NGC 5236
NCC 6946
N(;C 733 I
NGC 7793

ti. i40---” ‘-” - 0 . 2 1 9 0.172 ‘-

0.535
0.449
1.925
0.590
2.337
2.707
2.296
2.757
2.300
5.567
1.588
1.362
0.738
0.699
4.657
0.473

0.540
0.142

<0.014
0.188
0.166
0.096
0.405
0.282

<0.014
0.107
0.03)
0.20!3
0.037
0.217
0.030
0.286

0.550
0.182

< 0,0]4
0.127
0.157
0.308
0.244
0.517

<0.014
0.100
0!130
0.193
0.182
0.247
0.055
0.352
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Figure Captions

Figures 1--4: lkxidual  maps ant] csti]nated  kcm)c]s, presented with with the radio images
fc]r c.olnIJarison , with  a field of view of 15’ x 15’ ill each  case. ‘1’hc left hancl plot ill each
case S}IOWS the 20 cm radio image o]] a logarithmic scale  of 2 decades; tile plots in the
c.olulnn labellcd ‘a’ show the residuals of tl~c fit of the radio  data after the parameter-fitting
proc.cdure,  and those i~i the ‘b> column S1)OW t,hc rcsiclua]s  after dcxonvo]ution.  ‘1’hc residuals
arc dcfil]cd  as:

11] [scalecl-alld-ccj]  lvol~~ccl infrared] - 11] [raclio]

slid  arc plotted wit,h a rallgc  of --1.0 to + 1.0 ill each case,  such that black is I)ositivc  and
white is negative.

‘1’hc mti~natcd  s)rlcarillg  kcm)cls are sl]own on a lillcar s c a l e  ill tllc colunlTI labcllcd  ‘ c ’ .

‘1’lIc central  kcrne]  represents the results of dccol]volution,  while  the left ant] right kernels
rcprcscmt  the best-fit  cxponcl)t,ial  and Gaussian functions, rcspcctivcly,  for comparison.

I’igure 5: l’lot  of smearing scale  versus galaxy size,  using smearing scales estimated from
]Jarametrized  fits.

Figure 6: l’rofilcs  of estimated smcarillg  ker)lcls,  along  tllc lnajor  axis of each galaxy. ‘1’IIc
solicl  ]illcs represent the kcm)els estimated by clccollvolution; the clotted and dashed lines
rc~jrmcnt  the resul ts  of  paralnctrized  fits, c.orrcx~)onding to ex~)oncntials  and Gaussia,rls,
rmpcctivc]y.

I’igure  7: CoIn~)arisol]  of slncaril]g-sc.alc  estimates based o]) paramcirized  fits (vertical scale)
versus dcconvolution  (horizontal scale).
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